Investigating the dynamical evolution of dust grains in proto-planetary disks is a key issue to understand how planets should form. We identify under which conditions dust settling can be constrained by high angular resolution observations at mm wavelengths, and which observational strategies are suited for such studies. Exploring a large range of models, we generate synthetic images of disks with different degrees of dust settling, and simulate high angular resolution (∼ 0.05-0.3") ALMA observations of these synthetic disks. The resulting data sets are then analyzed blindly with homogeneous disk models (where dust and gas are totally mixed) and the derived disk parameters are used as tracers of the settling factor. Our dust disks are partially resolved by ALMA and present some specific behaviors on radial and mainly vertical directions, which can be used to quantify the level of settling. We find out that an angular resolution better than or equal to ∼ 0.1" (using 2.3 km baselines at 0.8mm) allows us to constrain the dust scale height and flaring index with sufficient precision to unambiguously distinguish between settled and non-settled disks, provided the inclination is close enough to edge-on (i 75
INTRODUCTION
Grain growth and dust settling are two key ingredients in the planetary system formation process. Recent observational evidences suggest that ISM dust grains start to grow in the early phase of star formation, as soon as dense pre-stellar cores begin to form. Theory and numerical simulations predict that in Class II proto-planetary disks, the dust orbiting the Pre-Main-Sequence (PMS) star continues to grow but also very quickly settles along the mid-plane in typical characteristic time of a few 10 4 yrs (Dullemond & Dominik 2004; Fromang & Nelson 2009 ). The growth is the first step towards the formation of even larger solid bodies, which ultimately culminate with planetary embryos. Settling will speed up this process by favouring grain collisions, firstly by increasing the relative vertical velocities, as settling acts differently in function of the dust dynamic properties (see e.g. Birnstiel et al. 2010) , and secondly by concentrating dust close to the midplane. On top of that, a high dust to gas ratio in this area, can affect the gravitational stability and control the initial step of the formation of planetesimals (Goldreich & Ward 1973) .
Quantifying the dust evolution process is a complex problem since the two physical processes (grain growth and dust settling) are simultaneously shaping the disk. The big grains are expected to fall down relatively quickly to the mid-plane while only small grains, reflecting the stellar light (Burrows et al. 1996; Roddier et al. 1996) , should remain located on the disk surface, at 3-5 gas scale heights.
At a radius of 100 AU from the central star, typical hydrostatic scale heights range between 10-20 AU or ∼ 0.1 ′′ at the distance of the nearest low-mass star forming regions (D∼ 140 pc). Therefore, observing settling requires both the most sensitive and the most resolving astronomical facilities.
Some evidence of dust settling has been obtained from studies using Near-Infrared (NIR) maps obtained by the HST (Duchêne et al. 2003) , or by the analysis of the Silicate band at 10µm (Pinte et al. 2008; D'Alessio et al. 2001) . IR observations only characterize grain growth for small particles with sizes a ∼ 0.1 − 10 µm, as images at wavelength λ are mostly sensitive to particles of size a ≃ λ/(2π). Moreover, as the dust opacity in the NIR is still quite large, the particles we observe are necessarily lo-cated high above the disk plane, typically around 3-5 scale heights (Chiang & Goldreich 1997) .
Contrary to IR, the moderate opacity of the mm/submm domain should probe material throughout the disk structure. The early bolometric observations of envelopes and disks around young stars (Beckwith et al. 1990 ) indicated that both the dust absorption coefficient κν and its spectral index β at mm wavelengths have evolved compared to the ISM dust. However, only spatially resolved observations could alleviate the ambiguity left by the possible contribution of the inner optically thick core. Furthermore, contamination of the long wavelengths (longer than 4 mm) flux density by freefree emission can be substantial and should be removed for proper determination of the spectral index (Rodmann et al. 2006) . Using the VLA (at 7 mm), PdBI and OVRO to probe the dust properties and the dust disk surface density in CQ Tau, Testi et al. (2003) concluded that particle have grown up to sizes as large as ∼ 1 cm. Similar results were obtained on larger samples in ρ Oph (with ATCA) and in Taurus-Auriga by Ricci et al. (2010b,a) . The overall grain growth in proto-planetary disks thus seems a well establish fact.
More recently, Guilloteau et al. (2011) performed a high angular resolution dual frequency study of disks in the Taurus-Auriga region with the IRAM array. Apart from disks with inner holes such as LkCa15 (Piétu et al. 2006) , all sources observed with sufficiently high angular resolution (0.4-0.8 ′′ ) exhibit steeper brightness gradient at 3 mm than at 1.3 mm. This is the signature of an evolution of the dust spectral index with radius, with smaller β values near the central star. The inner part of disks, up to 60-80 AU, appears dominated by large particles leading to a spectral index β below 0.5 between λ = 3 and 1.3 mm while beyond 100 AU, β reaches value consistent with ISM-like grains (1.7). This constitutes the first observational evidence of radial variations in dust properties, and the characteristic transition radius between small and large grains is consistent with recent models of dust evolution in disks by Birnstiel et al. (2010) .
In this paper, we go one step further and study the impact of dust settling on the disk imaging at mm wavelengths, in order to define adequate observational strategies to constrain this phenomenon with ALMA. For this purpose, we utilize the code DISK-FIT (Piétu et al. 2007) , which has been upgraded to take into account the dust settling. The ALMA simulator developed at IRAM (Pety et al. 2002) is then used to generate realistic ALMA datasets within the wavelength range 0.5 to 3 mm. Finally, we analyze these synthetic observations (pseudo-observations) as real data assuming a vertically uniform dust distribution in order to find out robust criteria of dust settling. We also explore some hidden degeneracies which may bias our estimate of the dust properties. We then discuss what would be an ideal ALMA observation.
Our dust disk models are described in Section 2. Section 3 presents the ALMA predictions (pseudo-observations) and the method of analysis. We then discuss in Section 4 the implications of our results.
MODEL DESCRIPTION

Disk Model
As in Guilloteau et al. (2011) , we assume a simple parametric disk model. In Model 1, the gas surface density is a simple power law with a sharp inner and outer radius:
for Rint < r < Rout. In Model 2, the density is tapered by an exponential edge:
Note that Model 1 derives from Model 2 by simply setting Rc → ∞ and p = γ in the above parametrization. Model 2 is a solution of the self-similar evolution of a viscous disk in which the viscosity is a power law of the radius (with constant exponent in time γ) (Lynden-Bell & Pringle 1974) . The kinetic temperature in the disk mid-plane is also assumed to be a power law of the radius:
We assume that grains and gas are fully thermally coupled, so that the dust temperature T dust = T k . We shall further assume that the disk is vertically isothermal, T k (r, z) = T k (r, z = 0). Models of dust settling show that most of the dust should mostly settle within one scale-height (Dullemond & Dominik 2004) , therefore assuming that the dust is isothermal, is at first order a reasonable assumption. The impact of this assumption will be discussed later. Under hydrostatic equilibrium, the resulting vertical gas distribution is a Gaussian
With this definition, the gas scale height Hg is:
with k and G the Boltzmann and the gravitational constants respectively, M * the star mass, µ the mean molecular weight and mH the mass of the Hydrogen nuclei. Hg is also a power law of the radius
with the exponent h = 3/2 − q/2. The mean molecular weight µ is equal to 2.6 in our analysis.
Dust Properties
Mass and grain size distributions
Dust settling implies local changes in the dust-to-gas ratio, as well as local variations in the grain size distribution, whose details depend on the mechanism controlling the dust evolution. We assume here no radial re-distribution of dust: the dust surface density Σ d follows the gas surface density, and at any radius the average (i.e. vertically integrated) dust-to-gas ratio is equal to the standard ratio:
Eq.7 ensures mass conservation independently of settling. The value of ζ std is only a scaling factor for the total disk mass in nonsettled disks, but also affects settling in some specific models. We further impose that dust settling does not change the overall dust distribution as a function of grain size, and use a power law size distribution dn(a, r, z)dz da = n0 a a0
n0 is the number of grains at the reference size a0, amin and amax are the minimum and maximum radius of the particles and p d the exponent of the power law (usually taken from 2.5 to 4, e.g. Ricci et al. 2010b) . While the vertically integrated grain size distribution is a power law (and a fortiori, the disk averaged grain size distribution), because of the effect of dust settling, the local grain size n(a, r, z) distribution is no longer a power law of a.
Dust emissivity
The dust emissivity as a function of frequency depends on the dust size distribution and grain composition. Once the dust size distribution and grain composition are specified, several methods can be used to derive the emissivity values. This has to be done with grain sizes varying up to 5 to 6 orders of magnitude. A serious limitation is our poor knowledge of the grain composition and shape. Moreover, several recent observations and experiments show that the dust spectral index β in the Far IR/mm range depends on the dust temperature (Pollack et al. 1994; Agladze et al. 1996; Coupeaud et al. 2011) . The Mie theory is the most popular method (see, e.g. Draine 2006 ) to predict dust emissivities but remains rigorously exact for spherical grains only. Other methods, such as the Discrete Dipole Approximation (DDA), are heavier to handle (see, e.g. Draine 1988; Draine & Flatau 2012 , and references therein) and still suffer from the dust composition and shape limitations. One often uses approximate laws for the dust emissivity in the mm domain, such as a simple power law prescription κ(ν) = κ0(ν/ν0) β . Although in general applicable to the molecular clouds where grains remain small, in disks, this approximation is only valid over a relatively narrow range of frequencies. Realistic disk grains can result in emissivity curves which cannot be represented in this way at mm wavelengths, especially when the largest grain become comparable in size to the wavelength (Natta et al. 2004; Ricci et al. 2010b; Isella et al. 2009 ). Furthermore, in settled disks, such a representation would no longer be convenient, as relating the effective κ0 and β to the dust settling parameters is a non trivial task. Thus a 2-D (r,z) distribution of the dust emissivity as a function of wavelength needs to be computed once the settling parameters are specified.
Given the important unknowns in the dust geometry and composition, we have elected to use a parametric method to model the dust emissivity as a function of grain size and wavelength.
Our approach is based on the fact that the emissivity as a function of frequency displays two asymptotic regimes, the small wavelengths (a ≫ λ) where the absorption coefficient is dictated by the geometrical cross section, and the long wavelengths (a ≪ λ) for which a power law applies. These two regimes are connected by a resonance region near λ = 2πa. To study the thermal structure of disks, Inoue et al. (2009) parameterized the emissivity curves by only retaining the two asymptotic laws. However, at mm wavelengths, the resonant region can contribute significantly to the emissivity. The detailed behaviour of this resonant region is not critical, as integration over a size distribution will smooth out any fine structure: only the width and height matter. We thus elected to parameterize the asymptotic regimes and the width and height of this resonant region in a simple way. The details are given in Appendix A.
To integrate over a given distribution in size, the distribution is sampled on discrete bins. We typically use two (logarithmic) bins per decade in size, except for the smallest sizes (below 1µm) where 1 bin per decade is used because these small grains contribute very little to the emissivity at mm wavelengths (and are also less affected by settling effects). Within each bin, the size distribution is assumed to remain a power law with the same exponent p d as the integrated grain size distribution. Our selected functional for the emissivity Figure 1 . Contribution of various dust grains to the total emission (at 3 and 0.5mm wavelengths), depending of their size, for an assumed size exponent p d = 3. The vertical red dotted line represents approximately (depending of disk density) the separation between grains well mixed with the gas and grains starting to settle.
κ(ν, a) allows analytic integration over this truncated power law size distribution to derive the mean emissivity per unit mass.
In the example presented in this article, the parameters have been adjusted in order to match the dust properties used by Ricci et al. (2010b) . The resulting emissivity per size bin are given in Table 1 , and Fig.1 shows the relative contribution of each bin to the total emission, for a size distribution index p d equal to 3.
Dust Settling
Although dust settling mechanism does not in general lead to a Gaussian vertical distribution of grains of a given size a, this often remains an acceptable approximation. Deviations from such vertical profile only occurs high above the typical scale height, i.e. in regions which contribute very little to the total dust mass (see e.g. Fromang & Nelson 2009) .
It is convenient to define a grain-size dependent scale height, H d (a, r), and a "settling factor", s(a, r) = H d (a, r)/Hg(r) with a being the grain size. In our binned dust representation, a radius independent dust settling can be simulated by specifying the val- (Fromang & Nelson 2009 ) which take into account ideal MRIinduced MHD turbulence predictions (Balbus & Hawley 1991 , 1998 as well as vertical stratification of dust and gas.
In a Keplerian disk, the angular velocity is:
and relates to the scale height in hydrostatic equilibrium by:
were Cs is the (isothermal) sound speed. The dust stopping time is the typical time, for a particle of size a and density ρ d , initially at rest to reach the local gas velocity. In typical T Tauri protoplanetary disks, aerodynamic interactions between gas and solid particules smaller than ∼ 10 meters are well described by the Epstein regime (Garaud et al. 2004) . We have then for the dust stopping time the expression:
The main factor controlling the degree of settling is the dimensionless product of the dust stopping time τs by the angular velocity which fixes the dynamical time. When Ωτ ≪ 1, the dust particles are coupled to the gas. When Ωτ ≫ 1, the dust particles are decoupled from the gas and settles towards the midplane. This product is linked to the particle size a by:
where the surface density Σg(r) is given by Eqs.1-2, depending on which disk model is used. As this quantity is therefore inversely proportional to the gas surface density, in general the settling increases with radius. It is convenient to further approximate the effects of dust settling by relating the "settling factor" s(a, r) to the settling parameter Ωτ0 = (Ωτs)(r, z = 0): For large grains, Dubrulle et al. (1995) and Carballido et al. (2006) have shown that a power law:
with σ = −0.5 is a suitable function. With a similar representation, Pinte et al. (2008) found an exponent σ = −0.05 from a multiwavelength study of IM Lupi. However, their value is mostly constrained by infrared data, and more specifically the silicate bands which are essentially sensitive to small grains. We have adopted the following law, which matches the previous asymptotic results
where ωc ≈ α, the viscosity parameter, within a factor of order unity (Dubrulle et al. 1995) . From Fig.2 , we use in red ωc = 6.5 10 −4 , a value which slightly overestimates the settling efficiency found by Fromang & Nelson (2009) . We will also discuss in Sec. 4.4.2 of the value ωc = 1.7 10 −3 , in blue, which on contrary tends to underestimate it. For small grains, the small difference between our adopted exponent of 0 for small Ωτ and the value -0.05 found by Pinte et al. (2008) is unimportant for our purpose, since the emission in the mm/submm domain is largely dominated by grains affected by dust settling, as illustrated by Fig.1. 
Radiative Transfer
We used the ray-tracer of the radiative transfer code DISKFIT (Piétu et al. 2007 ) to generate brightness distributions at different wavelengths. As settling can only be observed at sufficiently high disk inclinations, special care was taken in defining the image sampling to limit the numerical effects, as described in Guilloteau et al. (2011) . This required to have radial and vertical cells smaller than 0.05 AU. The settling factor s is calculated for p d = 3, ρ d = 1.5 g.cm −3 with a corresponding to the mean (mass weighted) grain radius, and the disk model described in Table 2 .
SIMULATIONS
Sample of Disk Models
The disks parameters (Table 2) are representative of the disks studied by Guilloteau et al. (2011) . The disks are in hydrostatic equilibrium with no vertical temperature gradient and orbit around a 1 M⊙star. The total (gas+dust) disk mass is 0.03 M⊙.
Dust Settling and Emissivity
We simulate the settling using the prescription of Eq.15. Table 3 gives the corresponding settling factors and Fig.3 indicates the apparent scale height for various grain sizes as a function of radius. Following the formalism described in Section 2.2, dust parameters were adjusted to mimic the emissivity curves from Ricci et al. (2010b) , see Appendix A. The minimum grain size was 0.01 µm and the maximum grain size 3 mm for the moderate grain model or 10 cm for the large grain model, with p d = 3. We took 9 grain bins for the moderate grains and 12 for the large ones for ensuring suf- ficient precision at the ALMA noise level. While compact minerals have large specific densities of ρ d = 3−4 g.cm −3 , we have chosen to use a smaller value ρ d = 1.5 g.cm −3 to account for the fact that (large) grains are expected to harbor a substantial ice cover and to be fluffy. The resulting emissivities are given in Table 1 .
Gas Surface Densities
The gas surface density used to generate the settled disk model follows either Eq.1 (power law model, Model 1) or Eq.2 (viscous model, Model 2). Tables  5 and 6 correspond to pseudo-observations using the Model 1. In Table 7 and 8, the pseudo observations were obtained using the Model 2. The resulting integrated flux densities are given in Table  4 .
ALMA Configuration
The simulated brightness distributions obtained from DISKFIT were then processed through the regularly upgraded ALMA simulator implemented in the GILDAS software package (Pety et al. 2002) in order to produce the visibilities.
As a first guess, we choose to simulate observations obtained using 50 antennas with a single antenna configuration, so that observations at different wavelengths can be performed nearly simul- taneously. A maximum baseline length of 2.3 km was used and the observations were assumed to be around the transit. Pseudoobservations of settled disks, located at declination δ = −23
• , have been created at four different frequencies, 100, 230, 340 and 670 GHz (or in wavelengths: 3 mm, 1.3 mm, 0.88 mm and 0.48 mm, corresponding to the 4 initial ALMA bands 3,6,7 and 9). This leads to a spatial resolution of 0.30 ′′ , 0.13 ′′ , 0.089 ′′ and 0.045 ′′ for Bands 3,6,7 and 9, respectively. At the distance of the nearest star forming regions (120 -140 pc for ρ Oph and Taurus-Auriga), the corresponding linear resolutions are 39-42, 16-18, 11-12 and 5-6 AU. In our case, we assume a distance of 140 pc. Thermal noise was added to the simulated uv data (corresponding to 30 min of observations for each frequency). The resulting image noise (point source sensitivity) are 13 µJy at 100 GHz, 20 at 230 GHz, 30 at 340 GHz and 111 at 670 GHz.
Each disk has been imaged at 4 inclination angles (90
• and 70
• ). The resulting number of visibilities in the pseudo uv tables is 1096704. This number can be compared to the non reduced χ 2 given in Tables 5 to 8 .
Prominent Effects of Settling
To understand the effect of settling, it is useful to compare the images of the same disk (i.e. having the same gas spatial distribution and mass) with or without settling. Figure 4 represents the expected images for disks observed at 670 GHz, while Fig. 5 gives brightness profiles for cuts along and perpendicular to the disk midplane at the disk center.
As expected, the vertical extent is smaller in the settled case, as well as the flaring index. At very high inclinations (only at 90
• in our model), the τ = 1 region of settled disks is reached at larger radial distances from the star, which are colder. This results in a lower brightness temperature. We find the same effect with large grains: their lower absorption coefficient is partially compensated by higher column densities in the mid-plane due to stronger settling. The self-absorption effect will be smaller for less massive disks. Thus, a change in disk mass and a modification of the grain sizes result in different effects, in particular as a function of observing frequency.
Finally, because the intrinsic aspect ratio is of order H/R 0.1, these opacity effects are critically dependent on the inclination (see Figs 4 and 5). At 70
• , the impact of dust settling becomes in general difficult to see.
Inversion Process
We investigate here potential ways to distinguish any settled disk from any non-settled one. Our approach is to analyze simulated images of settled disks with non-settled, homogeneous disk models. Under this approach, settled disks may result in very unusual parameters which cannot be ascribed to "normal" non-settled disks. For example, the dust scale height H0 should be small, as well as the flaring index h, in comparison with the hydrostatic scale height.
The resulting uv data sets were fitted by non-settled and vertically isothermal models under the assumption of power law (Model 1, Eq.1) or exponential decay (Model 2, Eq.2) for the surface den- sity distribution. All frequencies were fitted simultaneously. Tables  5, 6 and 8 were obtained with minimizations performed using the Model 1 and Table 7 using the Model 1 and Model 2).
Non-settled disks are characterized by the following parameters: the position angle PA, the inclination i, the intrinsic parameters Rint, Rout, Σ0 and p (for the power law, Rc, γ for the viscous model), T0, q, H0, h and the dust characteristics. The later being a priori unknown, we assume the simple power law κ(ν) = κ0(ν/ν0) β for the dust emissivity. We use here ν0 = 10 12 Hz and κ0 = 0.1 cm 2 g −1 (for a dust to gas ratio of 1/100). As β is a free parameter in our analysis, the choice of ν0 will affect κ(ν) at other frequencies, which is compensated in our analysis by adjusting the disk density. The derived disk density profiles Σ(r) (and in particular the disk mass) is thus somewhat dependent on the assumed value of ν0.
Each pseudo-observation was fitted with 4 different nonsettled disk models. The scale height was derived either under hydrostatic equilibrium constraint or independently fitted, and dust emissivity exponent β was assumed to be independent of the radius r, or evolving like its logarithm:
This leads to 4 cases (see Tables 5-6 ). Case 1 assumes hydrostatic equilibrium and βr = 0, Case 2 hydrostatic equilibrium and free βr, while Case 3 uses free scale height H0 and h with βr = 0 and Case 4 all free parameters H0, h and βr. As the impact on Rint was found to be non significant in all cases, this parameter is ignored thereafter. The disk inclination i is recovered accurately in all cases (with typical error around 0.2°), but its knowledge controls the error bars on some critical parameters, in particular H0 and h. The position angle is also easily recovered, but has less influence than the inclination. 
DISCUSSION
Analysis of the Inversion Process
Tables 5-8 show the results of the inversion process. In Tables 5 and  6 , both pseudo-observations and models for the minimizations use the truncated disk surface density (Model 1), with grains of moderate size in Table 5 and large grains in Table 6 . In Table 7 , pseudoobservations, made with the viscous Model 2 and containing large grains, are analysed by both Models 1 and 2. Finally, Table 8 refers to pseudo-observations obtained with Model 1 and fitted using the Model 2, for moderate size grains. The case with grains of moderate size illustrates best the problems. It leads to rather strong continuum flux (Table 4) , and the optically thick zone is sufficiently large to measure directly the dust temperature from the surface brightness. The formal errors are very small, indicating that thermal noise is not a limitation here.
Deriving the Scale Height
When viewed edge-on, the hydrostatic equilibrium assumption (cases 1 and 2) leads to unusual results. The derived temperature is forced towards low values to better mimic the small disk thickness (∼ 19 K instead of 30 K). This is also true when minimizing a Model 1 by a Model 2 (Table 8) . A side effect is an apparent radial dependency of the dust emissivity index (βr = 0) which is due to the nonlinearity of the Planck function at low temperatures. Relax- ing the hydrostatic equilibrium hypothesis (cases 3 and 4) allows us to recover the input temperature profile. Tables 5, 6 and 8 also show that the constraint from the apparent thickness is less important than that from the dust temperature, so that the fitted scale height in the hydrostatic equilibrium hypothesis remains unduly large (Fig. 6 and Fig.7) . This artificially creates a deficit of emission close to the mid-plane and an excess at high altitude. For cases 3 and 4, there is a lack of flaring at all at 90
• : the settled disk is best fitted with a constant thickness. At less extreme inclinations, however, disks appear mildly flared. Not only H0 is constrained, but the apparent flaring index h also deviates quite significantly in the settled case from the initial value (1.3 in our model, a range between 1.1 -1.5 being expected for most disks).
Spectral Index
Our settled disk are composed of several populations of grains. Each grain population has its own spectral index β. If the whole dust emission was optically thin and homogeneously distributed, a mean β (defined as the spectral index between two wavelengths only: 0.5 and 3 mm) of ∼ 0.61 for the moderate grains (Table 5) and ∼ 0.29 for the large grains (Table 6) is expected from the opacity curves in Appendix A. The fitted β is often different because β is not an intrinsic parameter of the dust: our assumed dust properties cannot be represented by a single power law between 3 and 0.5 mm, but exhibit a more complex behaviour (see Appendix). The fitted β is more affected for edge-on disks, because the flux densities at each frequency strongly depend on the degree of settling, thus affecting the relative weights of each observation.
Degeneracy between βr and p
At very high inclinations (e.g. 90
• ), settling increases the opacity in the disk plane. A fit of a constant β (βr = 0) leads to a value of the exponent p of the radial density profile driven towards negative values, to offer sufficient self-absorption from the cold outer regions. The independent fit of H0 and its exponent h (case 4) is not sufficient to compensate this effect. Although this suggests that viscous-like surface density profiles (see Eq.2) with negative γ may better fit the images, this is not the case because such profiles drop too sharply after their critical radius Rc. Furthermore, there is some "hidden" degeneracy between p and βr and the minimization process may converge towards one or the other solution. As Table 5 for a viscous (model 2) settled disk fitted by an homogenous viscous disk (model 2). As Table 5 for a viscous (model 2) settled disk fitted by an homogenous disk with sharp edge (model 1). ** Results probably not converged, as their χ2 is greater than that of the simpler βr = 0 case. Table 5 suggests that the scale height can be apparently constrained independently of the temperature profile even at moderate (i = 70 • ) inclination (basically all input parameters are recovered properly). This result is due to the assumed sharp truncation at Rout = 100 AU (Model 1). The apparent (projected) width of this sharp edge is a strong indicator of the actual disk thickness. Table 7 shows results for pseudo-observations obtained with a more realistic continuous profile (Model 2, with γ = 0.5 and Rc = 50 AU). When fitted by a Model 1 (top panel of Table 7 ), the required scale height is large and the flaring index reaches non physical values of the order of 2.5. This is an attempt to fit the emission beyond the derived outer radius. On the contrary when fitted by a Model 2 (bottom panel), a small scale height is indeed recovered. This result indicates that at inclinations below 80
Impact of the Surface Density Profile
• , the recovered scale height is sensitive to the exact shape of the surface density distribution, and cannot in general be determined accurately. Table 8 shows results of tapered disks (Model 2) fitted by a truncated power law for different inclinations (Model 1) and moderate size grains. At inclinations > 80
• , the differences between the true disk density structure and the one assumed in the analysis do not significantly affect the derivation of the scale height. Other parameters, such as the temperature, are somewhat affected by the improper surface density profile rather than by settling.
Consequences
For the large grains models, the flux densities and the optical depths are lower. The same trends are found. Large grains settle more efficiently and the fitted scale height is even smaller than in the previous case. Since the optically thick core is small, some degeneracies start appearing between T, q and Σ, p, as a purely optically thin emission only depends on ΣT and p + q.
In all cases, the inconsistencies appearing when fitting by a standard, non-settled disk model, clearly flag the "observed" disk as being unusual, and combined with the low absolute values of the scale height (≃ 2 − 3 AU), point towards dust settling as the only reasonable cause of the discrepancies. Moreover, settled disks actually appear "pinched" (h < 1) rather than flared (h > 1). The above analysis also demonstrates that radius dependent settling as derived from MRI simulations and theoretical analysis can be distinguished from radius independent one, the later would not affect the flaring index value h. However, directly retrieving the settling factor s(a, r) will remain largely model dependent, as this would imply to deconvolve from the grain size distribution n(a), which remains unknown. Even with prior knowledge of n(a), the strong smoothing resulting from this size distribution would severely limit the capability to retrieve s(a, r) from H(r).
Others parameters like β, βr or p are sensitive to the dust settling at inclinations 80
• but can only serve as secondary indicators. In real data, the βr which deviates from its original value 0 at inclinations > 80
• may be due either to dust settling or to radial variations of the grain properties (Guilloteau et al. 2011 ).
An inclination close to 90
• is clearly the more suitable case to study settling since opacity and brightness temperature effects are maximum. Taken into account the various uncertainties, in particular on the surface density and radial grain properties, our results suggest that observations of settling would be possible at inclinations > 75 − 80
• .
Impact of the various Wavelengths
The above studies show that all the impact of dust settling is only in the effective scale height (Fig.8 ) and a priori we may expect that the highest frequency data, which has the highest spatial resolution, may be sufficient in itself. This must be moderated by a number of caveats, however. First, the best signal to noise depends on the dust properties and is not necessarily at the highest frequency. Second, the apparent (geometrically constrained) scale height must be compared to the hydrostatic scale height to prove settling. This implies that a) the (gas) temperature or the dust temperature as a proxy, should be known, and b) the stellar mass must also be constrained to a reasonable accuracy (to derive Hg, see Eq.5). In principle, the gas temperature can be retrieved by imaging thermalized lines. However, as most chemical models predict that simple molecules lies in a layer about 1-2 scale height above the disk plane (because of depletion on dust grains in the cold denser regions, see e.g. Semenov & Wiebe 2011) , finding a suitable probe for the disk plane is not straightforward. In our approach, the dust temperature is derived by resolving the optically thick parts of the disk. With radial gradients of the dust emissivity index like found by Guilloteau et al. (2011) and predicted by simulations of Birnstiel et al. (2010) , the proper identification of an optically thick core region requires at least 3 frequencies. Thus unless some gas temperature can be derived independently, a 3-wavelength study seems required to avoid ambiguities in identifying dust settling. The relative ability of each of our 4 observing wavelengths can be evaluated. For the two shortest ones (0.5 and 0.8 mm), the errors on the derived parameters (e.g. H0 and h) approximately scale as the wavelength. Since the signal-to-noise ratio is similar at both frequencies, the driving factor is the angular resolution. The errors then strongly increases for 1.3 mm, which no longer has sufficient resolution, while the 3 mm data are practically unable to provide any quantitative constraint. Good observing conditions at 0.8 mm data being much more frequent than at 0.5 mm, this wavelength may be the best compromise in term of sensitivity and angular resolution if only one wavelength can be observed.
We note that the error on T0 in the combined analysis is lower than the simple weighted average of the 4 independent determinations which shows the gain in the multi-wavelength approach.
We finally made a last check at 3 mm on long baselines by using the Model 1 to produce pseudo-observations in the case of the moderate grain size distribution and assuming an inclination angle of 85
• . Baseline lengths of ∼ 11 km provide an angular resolution of about 0.06 ′′ or 8 AU, similar to that reached at 0.5 mm with the ∼ 2 km baselines. We mimic 4 hours of observations. We analyzed the pseudo-observations using the non settled disk Model 1 and found that the scale height is marginally constrained with H0 = 2.2 ± 0.7 AU and h = 1.16 ± 0.3. This also barely differs (by ∼ 1.5σ) from the 4 wavelength fit where we obtain H0 = 3.13 ± 0.03 AU. The large errors at 3 mm are due to insufficient sensitivity. Thus, measuring the differential settling between 0.5 and 3 mm would be very time consuming. 
Comparison with other imaging simulations
Using the code MC3D, Sauter & Wolf (2011) have investigated dust settling by producing intensity maps of dust disks from 1.0 µm up to 1.3 mm. Their analysis differs from ours in three major points.
First, they only assume two dust grain distributions (small and large) following the parametrization proposed by D'Alessio et al. (2006) . Their small grain population is ISM-like, the large grain distribution extends up to amax = 1 mm. This parametrization is similar to the 2-bin version of our radius independent settling models (Section 2). It is very well suited to study settling in the NIR and Mid-IR because of the high dust opacity but has a too small number of bins to properly mimic dust settling at mm wavelengths. The maximum grain size may not be sufficient, as shown for example in Fig.3 where the larger grains significantly contribute to the mm emissions. They also only use stronger settling parameters, with their large grain scale height smaller than the small grain one by factors 8, 10 or 12. This roughly corresponds to the settling factor in our large grain case, but the ratio is of the order of 3 for our less extreme grain sizes. Second, they do not take into account the ALMA transfer function. This is adequate only with sufficient uv coverage, which is not obtained with short integrations on very long baselines.
Third, and most importantly, they only compare the settled model with the non-settled disk in four positions. Such a method, optimized for IR data, does not use all the information contained in the maps or ALMA observations. Moreover, as the dust opacity is changing with the wavelength, the optimum positions should vary accordingly.
Given these differences, comparisons are not straightforward. As expected, we both find weaker flux and reduced flaring for highly inclined settled disks, but our method appears much more discriminant and applicable to a wider range of disk inclinations.
Critical discussion
Temperature Structure:
We assume that the temperature is vertically isothermal (as did Fromang & Nelson (2009) ). In real disks, the temperature is expected to rise two or three scale heights above the disk plane. Dust settling will affect this temperature gradient which is mostly driven by the distribution of small to mid-size grains (∼ 0.1 to 10 µm) because they control the opacity to incoming radiation. These grains exhibit only limited settling. Indeed, because the apparent scale height at mm wavelengths is a factor 3 to 4 times smaller than the hydrostatic scale height, more than 99 % of the mm flux is built in within one hydrostatic scale height, in which temperature gradients should be negligible. The location of the super-heated layer changes with dust settling, but not to the point where it will substantially ( 50 %) affect the temperature within one pressure scale height. Hasegawa & Pudritz (2011) have recently studied the effect of dust settling on the dust temperature using MC3D (Wolf 2003) . At 5 AU from the star, they found that the dust temperature near the mid-plane (within z 0.3 scale-height) is somewhat lower in a settled disk than in a well-mixed one (see their Fig.4) . The superheated layer appears however hotter (60 K instead of 40 K). The thickness of the impacted cold layer is around 0.5 AU, much too small even for the longest ALMA baselines. At the larger radii (50 to 100 AU) investigated in our study, the impact of dust settling on the temperature structure will be much less significant, because the temperature gradients scale with the dust opacity (∝ 1/r in typical disks), as well as with incoming radiation flux (∝ 1/r 2 ). Vertical temperature gradients are however expected to play a role in the apparent scale height at optical or NIR wavelengths. Indeed for HH30, Burrows et al. (1996) derived a much larger scale height from 2 µm scattered light using the HST than Guilloteau et al. (2008) from IRAM PdBI data: this is more likely a manifestation of temperature gradient than of dust settling.
Settling Shape and Viscosity Parameter:
We have tested a prescription of the settling which has been derived from MRI driven turbulence simulations from Fromang & Nelson (2009) . These simulations span a limited range of (Ωτs)0, and Figure 2 suggests that other settling factors may be used. We also performed simulations with ωc about twice larger (dashed blue curve on Fig.2 ), leading to smaller settling but without any major change in our results as can be seen on Fig.8 . The dust scale heights are affected by at most 30-40 %, but are still strongly smaller than the gas (∼ 3 AU instead of 15 at R = 100 AU for the grain range size 0.1-1mm) and still easily distinguished from the unsettled case. Furthermore, the settling degree is also directed linked to the dust specific density, which is generally assumed to be between 1 and 3 g.cm −3 . As our grains have a relatively low dust specific density (1.5 g.cm −3 ), and then are more coupled to the gas, the dust settling degree we generally used can be considered as medium. The measurable effects on the apparent flaring index indicate that the settling produced by MRI can be distinguished, in some cases, from a radially constant settling. For instance, in the simulation from (Fromang & Nelson 2009) , there is no dead zone, leading to an underestimate of the dust settling in the inner disk (r < 10 AU).
Having measured H d /Hg, it is tempting to directly quantify the viscosity parameter α. When this ratio is inferior to 1, the settling efficiency is related to it by (Dubrulle et al. 1995; Carballido et al. 2006) :
However, we do not measure H d (a, r)/Hg(r) as a function of grain size, but only an ensemble averaged with an a priori unknown size distribution, and a weighting function depending on the dust emissivity as function of size and wavelength. Furthermore, Ωτ scales as the inverse of the gas surface density, which varies by factor of a few across the disk radius. These two effects are difficult to separate from the direct impact of α in the above formula. Thus, H d /Hg strongly depends on many parameters and quantifying α in this way appears impracticable. This conclusion is unfortunately re-inforced by the large integration times which would be required to measure differential settling between 0.5 and 3 mm, a minimal step to attempt any correction from the grain size distribution. Each grain size bin is assumed to follow a Gaussian shape vertical distribution. Deviation from Gaussianity are expected, as shown by Fromang & Nelson (2009) from their MRI simulations. However, as these deviations occur above two-three scale-heights, they play a minor role in the mm/submm results, like the temperature profile.
Disk Size:
We use a disk outer radius of 100 AU, or a similar characteristic size for the tapered-edge profile. This is consistent with the sizes found for disks in the Taurus Auriga or ρ Oph regions (Guilloteau et al. 2011; Andrews et al. 2009 Andrews et al. , 2010 . The median disk outer radius in Guilloteau et al. (2011) is 130 AU. Guilloteau et al. (2011) also show that large grains are essentially located in the inner 70 to 100 AU. The existence of a radial gradient in the grain size distribution will affect the radial dependency of settling. The presence of smaller grains beyond 100 AU, as suggested by the observational results of (Guilloteau et al. 2011) , will increase the apparent scale height there. These outer regions contribute to less than 10 to 30 % of the total flux, so this increased scale height will not mask the settling from the inner regions. If grain growth is maximal near the star, the settling will become more important in the inner regions. Thus, the radial gradient of grain size should increase the expected values of the flaring exponent h. While this reduces one of the signature of settling, the effect can easily be mitigated by a slightly modified analysis method, as the change in h is correlated with the change in grain size. This is amenable to simple parametrization, at the expense of one additional parameter.
Disk Mass:
We adopted a disk mass of M d = 0.03 M⊙ which corresponds to flux densities given in Table 4 and are similar to those of disks found in e.g. the Taurus region (a factor 2 larger for the small grain case and a factor 2 smaller for the large grain case). With enough sensitivity, it is preferable to observe disks with low fluxes for two reasons: 1) at mm wavelength, low flux densities can be a sign of larger grains (a > λ) which settle more efficiently and 2) low flux densities may indicate lower densities which decrease the coupling between gas and dust. In the "large grain" approximation, the settling factor s scales as M d /a (from Eq.11 and 14), while for optically thin emission, the flux density Sν scales as κ(a)M d ≈ M d /a, so that s ∝ √ Sν, the settling efficiency 1/s may actually be larger for disks with lower observed flux densities, unless these low flux values are just due to disks of similar intrinsic densities, but smaller outer radii.
Disk Radial Structure:
We performed a series of tests where we fit the settled model (using moderate and large grain size distributions) with a viscous law for the surface density (Model 2) by a non-settled model assuming a power law surface density (Model 1). The results of the minimization (Table 8) show that even if the limited knowledge of the density profile unavoidably affects the precision with which settling is constrained, it does not mask its existence. For disks inclined by more than 80
• , the derived scale height and its flaring clearly exhibit the behavior expected in case of dust settling. This result is strongly encouraging, especially as the radial density profile of disks is still a debated issue.
Disk Geometry:
Small departures from perfect geometry and rotational symmetry, like warps and spiral patterns, may affect our ability to constrain the scale height. Mis-alignments between jets and disks by a 1-2
• (e.g., HH 30 Pety et al. 2006) , and warps of similar magnitude (e.g. β Pictoris, Mouillet et al. 1997 ) are known to exists. They may ultimately limit the apparent scale height to about H/R ≃ 0.03, which is comparable to our "normal" grain size case. The very strong settling predicted for large grains by the MRI turbulent model may be beyond reach because of this practical limitation.
Instrumental Effects:
We have shown that thermal noise is not a major limitation to measure dust settling. We investigated here the impact of atmospheric phase noise by adding antenna based, Gaussian distributed phase errors, as would be expected after radiometric phase correction. Figure 9 shows the impact on the results. As expected, the impact is much worse on the brightest sources (the small grain case). However, for reasonable observing conditions (antenna based rms noise below 30
• ), phase noise does not prevent the measurement of the scale height. The flaring index is more affected, but h still shows significant deviations at 85
• of inclination.
SUMMARY
We have studied how ALMA can be used to quantify the degree of dust settling in proto-planetary disks around T Tauri stars. We simulated settled disks using prescriptions for dust settling based on MRI driven viscosity. Using a parametric model to fit the predicted dust emission as a function of wavelength, we show to what extent settling can be constrained. Our main findings are
• For the characteristic dust disk sizes found by previous mm surveys, dust settling can be measured in typical disks with moderate integration times (of about 2 hours per source), using baselines of the order of 2 km at the distance of the nearest star forming regions (120 -140 pc).
• This is possible only for disks more inclined than ∼ 75 − 80
• Unless the gas scale height can be independently derived, at least 3 frequencies are needed to unambiguously identify settling, by comparing the apparent scale height to the derived dust temperature.
• The 3 mm band, which is useful to constrain β, is less sensitive to settling than shorter wavelengths even on long baselines (11 km) and for longer integration times (4 hours). Thus, measuring the differential settling between 0.5 and 3 mm would be very time consuming.
• Phase noise should be below about 40
• to avoid smearing by limited seeing. Although the highest frequencies provide better angular resolution, this condition favors the 0.8 mm band as the preferred frequency to probe the apparent scale height.
• At the highest inclination (> 85 • ), the apparent radial dependency of the surface density is affected by dust settling. However, this effect is not a sufficient diagnostic.
• Other parameters, such as the radial dependency of the dust emissivity index, are not substantially altered by settling.
Our study was performed using a viscosity parameter α ∼ 10 −3 . Although settling is expected to depend on α, the dependency is weak ( √ α), and other unknowns, in particular the grain size distribution but also the surface density, preclude an accurate determination of α based on the observation of settling only.
his simulations. The ALMA simulations use the regularly upgraded ALMA simulator developed at IRAM in the GILDAS package. This research was supported by the CNRS/INSU programs PCMI, PNP and PNPS and ASA.
APPENDIX A: DETERMINATION OF THE GRAIN EMISSIVITY
Dust grain emissivities can be computed from their dielectric properties. However, as grain properties are poorly known in protoplanetary disks, strong assumptions about the grain characteristics (shape, composition, porosity, ice layer, ...) have to be made for such purpose. We follow instead a much simpler approach which takes into account the basic asymptotic behaviour of the dust absorption coefficient as a function of wavelength. For wavelengths λ much smaller than the grain radius a, grains behave as optically thick absorbers. Hence, the absorption coefficient per unit mass is wavelength independent and κ(λ, a) = πa 2 /mg = 3/(4ρ d a)
for spherical grains of specific density ρ d . At the other extreme, for λ ≫ a, the emission coefficient usually falls as:
where β ranges between 1 or 2, depending on the grain composition but not on grain sizes. In between, for λ ≈ 2πa, the absorption coefficient exhibits a number of bumps, due to interferences between the refracted and diffracted rays. The detailed shape of absorption curve in this resonant region depend on grain structure (Natta et al. 2004 ). However, these detailed shapes will be smeared out when the absorption coefficient is computed for a size distribution of the grains, so its exact knowledge is unimportant provided the overall emissivity curve can be reproduced for realistic grain size distributions.
We thus define the emissivity curve through a small number of parameters. For a given grain radius a, the short wavelength regime is given by:
from equation A1. The long wavelength regime is defined by k l and e l , so that for λ ≫ a,
The two regimes intersect at λ0(a) = a ks(a) k l 1/e l (A5)
The enhanced emissivity ("bump") is defined at λ1(a) = 2πl1a by an enhancement factor fp > 1 compared to the long wavelength asymptotic regime κ(λ1(a), a) = fpk l λ1(a) a e l = fpk l (2πl1)
The shape around this region is defined by slopes ±e b before (λ < λ1(a)) and ea after (λ > λ1(a)) the bump. The ± sign for e b occurs because in this parametrization, κ(λ1(a), a) can be smaller than the short wavelength asymptotic value ks(a) (see Fig.A1 ). The emissivity law being a piecewise combination of power laws of λ and a, integration over a power law size distribution for the grains is straightforward. This description with a limited number of parameters captures all the required characteristics to adequately represent the absorption curves of a given grain size distribution. Figure A2 shows the law used in our sample models, compared to the absorption coefficients used by Ricci et al. (2010b) . The parameters are fp = 15.4, e b = 0.68, ea = −3.5, l1 = 0.65, e l = −1.67 and k l = 0.058. Although differences by 20 % exist, the key features such as the asymptotic values, position width and height of the emissivity bump are all well reproduced.
